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Experimental studies for in situ extraction and transesterification of oil seeds had been carried out 
recently for the process intensification of biodiesel production. As opposed to the conventional method, 
the solid oil seeds would be in direct contact with the transesterification reagent. Both the oil extraction 
and subsequent transesterification process to biodiesel will occur simultaneously. Consequently, solid 
pre-treatments would play a critical role to ensure that the oil seeds are in a state for optimal oil extrac¬ 
tion. Apart from obtaining a higher yield, this could also ensure that the oil extraction phase would not 
bottleneck the entire in situ extraction and transesterification process. However, solid pre-treatments 
could be both cost and energy intensive and therefore should be carefully selected for optimum advan¬ 
tages. In this experimental work, ground Jatropha curcas L. seeds were subjected to pre-treatments pro¬ 
cesses including de-shelling, sieving, drying and heat treatment at five different temperatures (45- 
105 °C) and two different durations (12 and 24 h) before undergoing single-step supercritical methanol 
extraction and transesterification. Conventional two-step extraction and transesterification was also per¬ 
formed as comparison to the single-step process. The effects of each pre-treatment were analyzed and 
optimized towards two responses (extraction and FAME yield). The highest extraction and FAME yield 
for the two-step and single-step processes were 66.82% w/w, 114.87% w/w and 68.50% w/w, 128.78% 
w/w respectively. Single-step supercritical methanol extraction and transesterification was found to be 
able to provide a higher extraction and FAME yield for the production of biodiesel with less pre-treatment 
stages and intensity as compared to the conventional two-step process. Therefore, this is a highly prom¬ 
ising approach to reduce the high biodiesel production cost which is currently impairing the industry. 

© 2011 Elsevier B.V. All rights reserved. 


1. Introduction 

The availability and security of energy sources are two critical 
issues to be dealt with to meet the exponential-growing world en¬ 
ergy demand brought by the increasing population. While current 
energy sources are still dominated by non-renewable fossil fuels 
such as coal and petroleum, renewable energy are widely believed 
to make more significant impact in the future energy demand par¬ 
ticularly biomass-derived liquid biofuels. Various countries had 
slated to enforce mandatory minimum blending of biofuels (bio¬ 
diesel and bioethanol) in their respective energy mix to reduce 
greenhouse gas (GHG) emissions and comply with sustainable 
development. However, current practices and processing technol¬ 
ogy of 1st generation biofuels from edible sources are deemed as 
unsustainable and competing with food and water supply which 
are already in high demand [1], Moreover, most of the edible feed- 
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stock are expensive and often constituted over 70% of the total bio¬ 
diesel production costs. Therefore, non-edible biofuel sources such 
as Jatropha have become the primary focus of research to over¬ 
come the challenges posed in current biofuels production .Jatropha 
curcas L. is a relatively obscure wild plant which can grow in 
semi-arid climates and harsh agricultural conditions. It can pro¬ 
duce 2-5 tons of dry seed/ha/year with 30-35% oil by weight 
which can then be converted into biodiesel to replace mineral 
diesel as fuel in compression-ignition (Cl) engines [2], However, 
contemporary commercial production of biodiesel using alkaline 
transesterification is not efficient to utilize non-edible feedstock 
as most of them contained high moisture and free fatty acid 
(FFA) content [3], Side-reactions such as saponification will inhibit 
the transesterification process and thus provide lower biodiesel 
yield and quality. Consequently, various researches in energy 
intensive countries had been carried out to discover more cost- 
effective production routes for Jatropha-based biodiesel. 

Conventional method for the production of biodiesel from Jatro¬ 
pha are either acid-catalyzed or two-step acid-base catalyzed 
transesterification processes [4-6], Non-catalytic supercritical 
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fluid process utilizing methanol and dimethyl carbonate has also 
being successfully developed for the production of Jatropha biodie¬ 
sel [7,8], However, most of the processes will first have to undergo 
oil extraction phase in order to extract the triglycerides from the 
oil seeds [9], Oil extraction phase involves several stages such as 
cleaning, dehulling, drying and grinding. The extracted oil will then 
be subjected to various purification processes such as degumming, 
dewaxing and deacidification before being converted to biodiesel. 
These multiple processes are responsible for a significant portion 
of the overall biodiesel processing cost [10]. Besides, they require 
a larger amount of chemicals and energy while at the same time 
generate more waste streams. Recently, in situ extraction and 
esterification/transesterification or also known as reactive extrac¬ 
tion has shown promising results as an efficient method to produce 
fatty acid methyl esters (FAME) [10-12], Reactive extraction en¬ 
ables the oil-bearing solid biomass to be in contact directly with 
short-chain alcohol instead of pre-extracted oil. Extraction and 
transesterification will proceed simultaneously with alcohol acting 
both as an extraction solvent and a transesterification reagent. By 
removing the requirement for two separate processing phases, it 
can greatly reduce both the processing time and cost. Nevertheless, 
catalytic reactive extraction is still faced with challenges such as 
slow reaction rate and complex catalyst separation. In our previous 
preliminary study, non-catalytic supercritical reactive extraction of 
J. curcas L. seeds had been proven to be highly feasible to produce 
biodiesel with the absence of several drawbacks from catalytic 
reactive extraction [13], However, it was found that both the rate 
and total amount of oil extracted from the oil seeds during the 
supercritical methanol reactive extraction played an important 
role in optimizing the overall yield of FAME for the subsequent 
esterification and transesterification processes. Therefore, it is 
imperative for the solid oil seeds to be subjected to certain pre¬ 
treatment processes for maximum oil recovery. This will also en¬ 
sure that the oil extraction phase will not bottleneck the entire 
process and thus leads to higher product yield. Despite these facts, 
solid pre-treatment processes are highly energy-intensive and 
optimization should be carried out in order to maintain economic 
competitiveness of biodiesel [14,15]. 

In this study, the effect of different solid pre-treatments (drying, 
sieving and de-shelling) will be investigated on ground J. curcas L. 
seeds for the FAME production using supercritical methanol reac¬ 
tive extraction. Their direct influence towards the process extrac¬ 
tion efficiency and final FAME yield will be analyzed. Comparison 
will also be made with conventional two-step extraction and 
transesterification process to determine the relative difference be¬ 
tween the two processes. Currently, there are only few literatures 
available pertaining to the oil extraction efficiency of supercritical 
methanol. Hence, it is hope that this study will serve as a good ref¬ 
erence for future research and development work on supercritical 
fluids reactive extraction process. 


2. Experimental 


2.2. Pretreatment of Jatropha curcas L. seeds 

Fresh J. curcas L. seeds were first manually screened in which 
only good-condition seeds were selected while damaged seeds 
were being discarded to ensure higher uniformity of experimental 
results. The seeds were first grounded using a mechanical grinder 
(Moulinex, France). For seeds de-shelling analysis, the seeds were 
manually de-shelled by using pliers to obtain the seed kernels 
(white shelled nut) prior to the grinding. Afterwards, grounded 
seeds will be subjected to heat treatment by drying in a vacuum 
oven (Memmert D-91126, Germany) at 45, 60, 75, 90 and 105 °C 
for 12 and 24 h. Drying under vacuum condition can prevent sur¬ 
face reaction such as oxidization of the oil seeds with the air. 
After drying, the Jatropha samples were then screened using a 
vibrator sieve shaker (Retsch, Germany). It was important to 
dry the seeds first before sieving as wet seeds were more likely 
to be sticky and thus might render sieving process to be ineffec¬ 
tive. The sieving period was 15 min and solid particle size fraction 
of 0.0 mm was collected and stored in a desiccator to prevent 
absorbing moisture. Moisture content of grounded samples 
(15 g of sample size) at different heat treatment temperature 
and duration was determined based on their wet weight basis 
which was calculated by placing in the same oven at determined 
temperature repeatedly until constant weight was achieved using 
electronic balance (Shimadzu AC220, Japan). Each measurement 
was carried out in triplicates and the yields are found to agree 
within 5%. 

„„ . Initial weight (g) - Final weight (g) _ „„„ 

Moisture content, M wet =- , . . , . , --—— x 100% 

Initial weight (g) 

(1) 


2.3. Oil extraction 


Grounded, dried and sieved seed samples were subjected to 
Soxhlet extraction using n-hexane to determine the total oil con¬ 
tent extractable through chemical extraction method. 15 g of the 
seed samples was weighed and poured into a 30 mm x 100 mm 
cellulose extraction thimble. The filled thimble would be loaded in¬ 
side a 125 ml Soxhlet extractor with 200 ml n-hexane as extraction 
solvent. The extraction was performed for 24 h to ensure complete 
oil extraction with solvent to solid ratio (SSR) fixed at 800. The sol¬ 
vent containing the extract was then filtered to remove other solid 
contaminants and evaporated with rotary evaporator (Buchi R-l 14, 
Switzerland) to remove the solvent. The remaining extract was 
then heated on a stirring hot plate for 1 h to remove any remaining 
n-hexane. Lastly, the extract was measured and weighed to record 
its volume and weight using the same electronic balance. Each 
measurement was carried out in duplicates and the yields are 
found to agree within 5%. 


Extraction yield, M exttlc 


Weight of extract (g) 

Weight of feed (g) 0 


(2) 


2.1. Materials 

J. curcas L. seeds used in this study were purchased from a local 
plantation company in Malaysia. Methanol of 99.8% purity was 
purchased from HmbG Chemicals, Germany. Analytical grade n- 
hexane of 99% purity (Merck, Germany) was used in Soxhlet oil 
extraction and as co-solvent in the supercritical reactive extrac¬ 
tion. Methyl heptadecanoate (99.5% purity) as internal standard 
and standard references for methyl esters which include 99% 
methyl palmitate, 99% methyl stearate, 99% methyl oleate and 
99% methyl linoleate were all obtained from Fluka Chemie, 
Germany for gas chromatography (GC) quantification. 


2.4. Two-step extraction and transesterification 

After the extraction phase, the oil would undergo transesterifi¬ 
cation process using acidic homogenous catalyst as described in 
the literature [9], All the amount of oil obtained from each batch 
of seed samples by Soxhlet extraction was loaded into a 500 ml 
round-bottom flask equipped with a reflux system on a stirring 
hot plate. Methanol as the transesterification reagent and concen¬ 
trated H 2 S0 4 as the homogenous acidic catalyst were then added 
according to the optimization conditions stated in the literature 
[10], Reaction temperature was fixed at 60 °C and the reaction 
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proceeded under constant stirring for 10 h before being cooled 
upon completion. The products were then evaporated in a rotary 
evaporator to remove excess methanol. The remaining liquid prod¬ 
uct was allowed to be settled overnight by gravity in a separation 
funnel. Two layers of liquid would be formed with the top layer 
containing FAME-rich phase in dark yellow color while the bottom 
layer contained glycerol-rich phase in dark brown color. The bot¬ 
tom layer was decanted off while the volume and weight of the 
top layer was then measured and recorded. 

2.5. Supercritical methanol extraction and transesterification 

Pretreated solid J. curcas L. seeds were subjected to supercrit¬ 
ical methanol extraction and transesterification process in a high 
pressure batch reactor as described in the literature [16], For 
each experimental run, 15 g of ground seeds would be loaded 
into the 450 ml reactor along with 200 ml methanol and 50 ml 
n-hexane. Hexane was required to increase the oil extraction 
rate and its solubility in the reaction mixture. It would also help 
to facilitate the separation of FAME from glycerol in the final 
product [13]. Mechanical agitation was set at a speed of 
400 rpm and started as soon as heating commenced. Final reac¬ 
tion temperature was fixed at 300 °C for 30 min before quench¬ 
ing with cooling water immediately to room temperature. 
Afterwards, the reaction mixture was filtered and washed thrice 
with 30 ml n-hexane to remove remaining solid residues. The li¬ 
quid product was then stirred with 100 ml n-hexane for 30 min 
before transferred into separating funnel. Two visible layers 
would be formed after settling by gravity for 1 h. The top dark 
yellow layer which was rich in FAME and n-hexane would be 
decanted and evaporated in rotary evaporator to remove the sol¬ 
vent. The separation procedure was repeated twice for the bot¬ 
tom layer to recover remaining FAME. The volume and weight 
of the total collected FAME was then measured and recorded 
as total extract from supercritical reactive extraction. Each mea¬ 
surement was carried out in triplicates and the yields are found 
to agree within 5%. 

2.6. Product analysis 

The final FAME samples were then analyzed by using gas 
chromatography (GC) (Perkin-Elmer, Clarus 500) equipped with 
a Nukol™ capillary column (15 m x 0.53 mm; 0.5 pm film thick¬ 
ness) and a flame ionization detector (FID) to obtain their compo¬ 
sition and yield. Helium gas was used as the carrier gas in the 
GC. The initial temperature of the oven was set at 110 °C for 
0.5 min and then increased to 220 °C for 8 min at the rate of 
10°C/min. The temperatures of the injector and detector were 
set at 250 °C and 220 °C respectively. Each FAME sample was di¬ 
luted with n-hexane as the solvent and methyl heptadecanoate 
as the internal standard before injected into the column with 
1.0 pi volume for each injection. Peaks of different methyl esters 
in the FAME samples were identified by comparing the retention 
time of each component in the sample chromatogram with the 
peaks of pure methyl ester standard compounds. The yield of 
FAME was then calculated according to the equation shown be¬ 
low. Average weight of oil extractable from Jatropha seeds deter¬ 
mined from the literature in the equation 3 below was 
54.36 wt.% [17], 



Undry 45 60 75 90 105 

Drying temperature (°C) 


Fig. 1. Total removal of moisture content from ground Jatropha seeds at different 
drying temperature and duration. 


3. Results and discussion 

3.1. Moisture content 

Fig. 1 shows the total removal of moisture content on a wet ba¬ 
sis from ground Jatropha seeds subjected to different drying tem¬ 
peratures (45 °C, 60 °C, 75 °C, 90 °C and 105 °C) under vacuum 
oven. Four different samples (de-shelled and unshelled) with dry¬ 
ing time (12 and 24 h) were studied. It was noted that total mois¬ 
ture content in the samples based on the standard 105 °C wet 
weight basis were 8.94 wt.% and 5.11 wt.% for unshelled and de- 
shelled samples respectively. The amount of moisture lost was al¬ 
most similar with the values reported in other literatures [17,18], 
De-shelling ground Jatropha seeds can successfully eliminate 
about 42.8% of moisture content in original seeds. Drying time 
was discovered to have almost negligible effect to the total re¬ 
moval of moisture content from ground Jatropha seeds. From 
Fig. 1, there is almost no difference between drying time of 12 
and 24 h. Further investigations on the drying time found that al¬ 
most 95% of the final moisture content in Fig. 1 was removed with¬ 
in 1 h for all 5 drying temperatures (results not shown). Drying 
temperature played a more dominant effect towards the final 
moisture content of the seeds especially at the lower end (45 °C 
and 60 °C). The decreasing gradient shown in Fig. 1 proved that less 
moisture was being removed as drying temperature increased. This 
could be explained through the drying mechanism of ground Jatro¬ 
pha seeds. Initially, evaporation of water will occur from the sur¬ 
face and outer regions. As drying progresses, water content 
further inside the parenchymal cells within the seed’s organic 
structure will need to be transported to the surface before being 
evaporated [19,20], The deeper the water molecules trapped inside 
the structure, the higher amount of energy will be needed (critical 
energy) for their transportation to surface and subsequent evapo¬ 
ration. Higher drying temperature can provide the necessary 
amount of critical energy required to transport water molecules in¬ 
side the seed’s core to the surface within a short timeframe (1 h) 
before being evaporated. Longer drying time is only required to 
evaporate more water molecules from the surface and does not 
contribute effectively to the critical energy required for the trans¬ 
portation. Since the total removable moisture content of the 
ground Jatropha seeds was small (<10wt.% for unshelled seeds 
and <6 wt.% for de-shelled seeds), the required drying time was 


FAME ield F - E concen tration of each methyl esters) (g/ml) x (volume of FAME) (ml) ^ iqqo^ 
’ Y Average weight of oil extractable from literature (g) 
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short and therefore would not play an important role in this study. 
Moreover, the grounded seeds had larger surface areas which 
accelerated the surface evaporation. 

At 105 °C drying temperature, the gradient for de-shelled 
ground seeds was almost reaching zero. This means that drying 
temperature at 90 °C or 105 °C was able to evaporate most of the 
moisture content inside the seed’s kernels due to the absence of 
hardened shell. It should also be noted that high drying tempera¬ 
ture might destroy the biomass surface which would obstruct 
transportation of the moisture to the surface. Hence, further incre¬ 
ment of the drying temperature might not be able to remove more 
water molecules effectively. In contrary, ground seeds with shell 
intact still contained removable moisture content even when dry¬ 
ing at above 105 °C. This might be due to the thicker cellulose and 
lignin shell which will impede the transportation of water mole¬ 
cules to the surface [21 ]. Therefore, higher drying temperature will 
be required to overcome the higher critical energy barrier to re¬ 
move the water molecules in moisture-rich Jatropha shells. Conse¬ 
quently, heating temperature played a more significant role 
towards the removal of moisture content for virgin ground seeds 
(un-sieved, undry and not shelled). However, drying temperature 
higher than 105 °C might not be economically feasible since it will 
consume huge amount of energy especially for large-scale produc¬ 
tion. Since Jatropha seeds are also rich in lipids, volatilization of 
light hydrocarbons or fatty acids might also occur which added 
to the total weight loss. 

3.2. Oil yield and efficiency 

Figs. 2 and 3 show the total amount of extraction contents after 
undergoing heat treatment at different temperatures for un-sieved 
and sieved (^1.0 mm fraction) ground seeds respectively without 
de-shelling. Extraction yields from conventional two-step soxhlet 
extraction (SE) and supercritical reactive extraction (RE) were 
compared with heat treatment duration of 12 and 24 h. Average 
oil yield of ground Jatropha seeds determined from the literature 
was 54.36 wt.% and included in the figures for comparison purpose 
[171- 

All four trend lines shown in Fig. 2 register extraction contents 
less than the average value from the literature which suggested 
that un-sieved ground seeds were not optimal for oil extraction. 
In overall, heat treatment on the seeds prior to oil extraction had 
a substantial effect to the final extraction yield. As shown in 
Fig. 2, there existed an optimum heat treatment condition for max¬ 
imum oil extraction. For SE, the optimum heat treatment condition 


in 



Undry 45 60 75 90 105 

Drying temperature (°C) 


Fig. 2. Extraction yield for SE and RE processes at different drying temperature and 
duration for un-sieved ground Jatropha seeds (with shell). 



Undry 45 60 75 90 105 

Drying temperature (°C) 


Fig. 3. Extraction yield for SE and RE processes at different drying temperature and 
duration for sieved ground Jatropha seeds (with shell). 


(60 °C for 12 h) can increase the extractable oil content up to 30.3%. 
Similarly for RE, an increment of 33.0% for oil yield at 90 °C for 12 h 
can be achieved compare to untreated ground seeds. Heat treat¬ 
ment at mild drying temperature could improve biomass micro¬ 
structure such as pores and surface area which in turn mediated 
oil or lipid extraction in higher efficiency. This was then added 
onto the effect of reduced moisture content due to evaporation. 
However, higher drying temperature also had the possibility to de¬ 
stroy the molecular bonds and structures which will be detrimen¬ 
tal not only towards the extraction yield but also the quality of the 
oil [22], Therefore, it was important to determine the optimum 
drying temperature for heat treatment of Jatropha seeds. Extrac¬ 
tion yields for both SE and RE at 12 and 24 h were almost similar 
below 60 °C drying temperature. Beyond that, extraction contents 
for SE at 12 and 24 h heat treatment started to decrease with 
increasing drying temperature. This suggested that the changes 
in the biomass microstructure were no longer favorable towards 
hexane soxhlet extraction even with more moisture content being 
removed. Meanwhile, higher drying temperature for heat treat¬ 
ment was still proven to be beneficial for supercritical reactive 
extraction. Both RE 12 h and 24 h exhibited increasing extraction 
yield with increasing drying temperature. Nevertheless, after the 
optimum drying temperature for RE 24 (75 °C) and RE 12 (90 °C), 
the total amount of extraction contents started to decrease too. 
The difference between heat treatment duration of 12 and 24 h be¬ 
gan to be noticeable at higher drying temperature. The sharp drop 
in the extraction yield for SE 24 h compare to SE 12 h implied that 
prolong exposure to higher than optimum drying temperature 
would be counter-productive for oil extraction. Likewise, extrac¬ 
tion yield for RE 24 h dropped more than RE 12 h after the opti¬ 
mum temperature. This might be due to the destruction of 
biomass surface at higher temperature which was similar to the 
biomass torrefaction process and thus obstructing extraction in 
supercritical reactive extraction [23], 

Fig. 3 shows the extraction yield for sieved ground Jatropha 
seeds with ^1.0 mm particle size fraction. The results were distinc¬ 
tively very much different from Fig. 2. All of the results recorded in 
Fig. 3 were higher than their counterparts in Fig. 2. This confirmed 
the fact that smaller particle seeds could promote higher extrac¬ 
tion yield with the same drying and heat treatment condition 
[12], Even though in general, increasing drying temperature will 
still increase the extraction yield for both RE and SE extraction pro¬ 
cesses, the increment recorded was lower compare to un-sieved 
Jatropha seeds. For SE and RE, at the optimum or maximum heat 
treatment condition (75 °C and 105 °C for 24 h), the extraction 
amount only increased by 14.6% and 18.5% respectively. This might 
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be due to the high extraction yield already being extracted out for 
smaller particle size of Jatropha seeds. As most of the extractable 
content had been extracted out, significant improvement might 
be difficult. Both SE 12 and 24 h exhibited optimum condition be¬ 
fore experiencing a sharp drop with increasing drying temperature 
as in un-sieved seeds. However, the extraction yields for RE 12 and 
24 h did not show any optimum condition and will most probably 
continue to increase beyond the maximum drying temperature in 
study. The shifting of optimum condition to higher drying temper¬ 
ature proved that smaller particle sizes were less susceptible to 
heat treatment. This had also lead to the results that drying at 
longer hours (24 h) had higher oil yield than at 12 h as opposed 
to the results in Fig. 2. Thus, smaller particle sizes will be more 
favorable for reactions associated with high temperature as they 
had a smaller volume to surface area ratio. Consequently, any 
surface transformation will pose less resistance towards the oil 
extraction mechanism. 

All extraction yields from RE 12 and 24 h show equal or higher 
than average oil content from the literature while only SE 24 at the 
optimum heat treatment condition was higher than 54.36 wt.%. 
This shows the potential of supercritical reactive extraction over 
conventional oil extraction for biodiesel production. Comparison 
of extraction efficiency between the two processes was done 
through Eq. (4) and shown in Fig. 4. Higher value of comparison 
extraction efficiency will represent better performance of super¬ 
critical reactive extraction (RE) over conventional two-step extrac¬ 
tion and transesterification (SE) in terms of extraction yield. 


despite lower E e and therefore should be taken into consideration 
as well for optimal biodiesel production. For sieved ground seeds, 
comparison extraction efficiency remained almost constant at low¬ 
er drying temperatures. As drying temperatures increased beyond 
75 °C, E e for both 12 and 24 h increased substantially. Therefore, at 
high drying temperature, supercritical reactive extraction would 
generally perform better than conventional soxhlet extraction dur¬ 
ing extraction processes. 

3.3. FAME yield and efficiency 

Figs. 5 and 6 depict the FAME yield for un-sieved and sieved 
ground Jatropha seeds respectively for SE and RE at both 12 and 
24 heat treatment duration. From the results of GC, there were four 
identified primary peaks which corresponded to the four fatty 
acids in Jatropha oil: methyl palmitate, methyl stearate, methyl 
oleate and methyl linoleate. Even though their compositions vary 
for each experimental run, nevertheless methyl linoleate always 
remain as most abundant component; followed by methyl oleate, 
methyl palmitate and lastly methyl stearate for both SE and RE 
processes (results not shown). This proved that the chemical com¬ 
position of the fatty acids in extracted Jatropha oil would not be 
greatly affected even in supercritical condition due to thermal 
decomposition or pyrolysis as initially feared. From Fig. 5, increas¬ 
ing drying temperature and duration did not seem to have signifi¬ 
cant effect towards the FAME yield of SE process. Even though the 


Comparison extraction efficiency, 

^ _ Mass of extract from RE (g) 
e - Mass of extract from SE (g) 


(4) 


With 100% as the minimum benchmark, only un-sieved ground 
Jatropha seeds at 60 °C and 45 °C registered lower or equal than 
the baseline comparison extraction efficiency. This was due to 
the optimum condition of extraction yield from conventional soxh¬ 
let extraction as mentioned earlier. As drying temperature pro¬ 
gressed, comparison extraction efficiency increased which proved 
the superiority of supercritical reactive extraction after undergoing 
heat treatment. The maximum E e occurred at 75 °C 24 h for un- 
sieved ground seeds. This was resulted from the sharp drop of oil 
yield from SE due to excessive heat treatment. Nevertheless, higher 
amount of oil content can be extracted from sieved ground seeds 
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Fig. 5. FAME yield for SE and RE processes at different drying temperature and 
duration for un-sieved ground Jatropha seeds (with shell). 



Undry 45 60 75 90 105 

Drying temperature (°C) 


Fig. 4. Comparison extraction efficiency for un-sieved and sieved ground Jatropha Fig. 6. FAME yield for SE and RE processes at different drying temperature and 
seeds at different drying temperature and duration (with shell). duration for sieved ground Jatropha seeds (with shell). 
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extract yield increased, the amount of triglyceride extracted did 
not increase in tandem. This is rather un-expected because there 
is an increase in the extraction yield with increasing drying 
temperature. One possible explanation for this is that most of the 
extracts which had been extracted out due to the increasing drying 
temperature consist of non-fatty acids such as hydrocarbons and 
other lipids. In other words, there are still a lot of fatty acids 
(including triglycerides and free fatty acids) still entrapped inside 
the seeds since un-sieved ground seeds had a much smaller surface 
area for effective extraction. In contrary, FAME yields for RE pro¬ 
cess increase in tandem with the trend shown for their correspond¬ 
ing extraction yields. Increasing drying temperature will help to 
increase the amount of fatty acids been extracted out and subse¬ 
quently increased the overall FAME yield. The optimum FAME yield 
occurred at 90 °C for RE 12 which was the same as the optimum 
extraction yield. Therefore, it can be concluded that fatty acids 
extraction can benefit from the increasing drying temperature for 
supercritical reactive extraction. The high temperature and pres¬ 
sure involved in RE will help to extract out more entrapped fatty 
acids (triglycerides and free fatty acids) as compare to SE. When 
undergoing higher drying temperature than the optimum, the 
reduction in extraction efficiency will also affect the total amount 
of FAME yield at the end. This might be due to less fatty acids being 
able to be extracted out due to surface morphology changes from 
the heat treatment. The gradient of FAME yield for RE 24 was also 
approaching zero which reflected that the maximum extractable 
fatty acids at that pre-treatment condition had almost been 
reached. 

Fig. 6 shows the FAME yield for both SE and RE processes for the 
duration of 12 and 24 h on sieved ground Jatropha seeds (sjl.0 mm 
particle size fraction). As with the case of un-sieved ground seeds, 
FAME yield for SE 12 and 24 h in Fig. 6 did not show much incre¬ 
ment at the lower range despite increasing drying temperature. 
Flowever, the increment becomes more significant at higher drying 
temperature beyond 75 °C even though their corresponding 
extraction yield decreased. Since sieved ground seeds had a higher 
surface area per volume, entrapped fatty acids had a much lower 
mass transfer resistance and therefore will benefit much more 
from increasing heat treatment temperature. At higher drying tem¬ 
peratures, the destruction of surface molecular structure reduced 
the overall extraction yield but more fatty acids had been success¬ 
fully extracted. This might be due to the smaller molecular sizes of 
the fatty acids compare to the other lipids which still enabled them 
to be extracted out easily albeit only in a small quantity. In con¬ 
trary, FAME yields for RE process exhibited larger responses to 
increasing drying temperature. Both RE 12 and 24 h had achieved 
more than 100% of FAME yield compare to the average FAME yield 
of Jatropha found from the literature starting from 60 °C drying 
temperature onwards. This showed that supercritical reactive 
extraction was promising as a high yield biodiesel production 
method. At low drying temperatures, the increment of FAME yields 
were in tandem with increment of extraction yield which means 
more amount of fatty acids were being successfully extracted 
out. However, closer observation at high drying temperatures 
showed that FAME yield decreases slightly even though extraction 
efficiency continues to rise. This was probably due to the losses of 
fatty acids which underwent volatilization due to the high temper¬ 
ature and reduced mass transfer resistance. Moreover, the satura¬ 
tion point for fatty acids extraction had been reached and therefore 
will be difficult to increase further. The reduction was not detect¬ 
able by the trend shown by SE process because their FAME yield 
was still low to reach the maximum extraction limit. 

Fig. 7 shows the calculated comparison FAME efficiency from 
Eq. (5). This value will serve as a direct efficiency comparison be¬ 
tween the two processes (RE and SE) for the extraction of fatty 
acids and subsequent esterification/transesterification to produce 



Fig. 7. Comparison FAME efficiency for un-sieved and sieved ground Jatropha seeds 
at different drying temperature and duration (with shell). 


biodiesel. Higher value of comparison FAME efficiency will repre¬ 
sent better performance of supercritical reactive extraction (RE) 
over conventional two-step extraction and transesterification (SE) 
in terms of biodiesel yield. 


Comparison FAME efficiency, 

_ Total mass of FAME for RE (g) 
e ~ Total mass of FAME for SE (g) 


(5) 


All of the comparison FAME efficiency was higher than 100% 
which again suggested that fatty acids extraction for supercritical 
reactive extraction was superior compare to the conventional 
two-step extraction and transesterification. In general, F e increased 
with increasing drying temperature. Sieved ground Jatropha seeds 
showed a more subtle F e changes over increasing drying tempera¬ 
ture with the optimum at 75 °C for both 12 and 24 h drying dura¬ 
tion. In terms of efficiency and total amount of FAME, 12 h drying 
duration proved to be slightly more superior to 24 h at all drying 
temperatures. On the other hand, un-sieved ground Jatropha seeds 
exhibited more significant changes with the highest comparison 
FAME efficiency at 166.75% w/w for 12 h drying time. This was lar¬ 
gely due to the huge increment of FAME yield as recorded in Fig. 5 
at 90 °C. Furthermore, un-sieved ground Jatropha seeds had a high¬ 
er irregularity in terms of extraction and FAME yield. While high F e 
was desirable as portrayed by un-sieved ground seeds, sieved 
ground seeds still had a higher average amount of FAME yield 
and will have to be taken into account as well. 


3.4. Effect of de-shelling 

Based on the previous results and observations, drying duration 
of 12 h was adequate to cater for the moisture removal and also for 
the necessary solid heat treatment. High extraction and FAME yield 
can be attained in numerous pretreatment conditions shown 
above. In several occasion where drying duration of 24 h showed 
higher results, the difference was not large and sometimes negligi¬ 
ble. Moreover, drying at 12 h could save more time, energy and 
ultimately cost. Therefore, drying duration of 12 h will be fixed 
for the seeds de-shelling experimental study below. Fig. 8 shows 
the extraction yield for un-sieved and sieved ground Jatropha 
seeds undergoing both SE and RE processes. It can be easily noticed 
that decorticated seeds had a much higher extraction yield com¬ 
pare to their corresponding un-shelled ground seeds and also the 
average literature value. This proved that the shell imposed a high 
mass transfer resistance towards the extraction process without 
containing significant amount of valuable extracts itself. Un-sieved 
ground Jatropha seeds were found to have a low extraction yield 
before heat treatment. As drying temperature increased, the 



















S. Lim, K.T. Lee/Separation and Purification Technology 81 (2011) 363-370 


369 



Undry 45 60 75 90 105 

Drying temperature (°C) 

Fig. 8. Extraction yield for SE and RE processes at different drying temperature for 
sieved and un-sieved ground Jatropha seeds (de-shelled). 



Undry 45 60 75 90 105 

Drying temperature (°C) 

Fig. 9. FAME yield for SE and RE processes at different drying temperature for 
sieved and un-sieved ground Jatropha seeds (de-shelled). 


extraction yield for both SE and RE processes increased at a high 
rate until they reached the optimum temperature at 75 °C. The 
combination of positive extraction effects brought by the removal 
of moisture content and surface transformation from heat treat¬ 
ment was clearly reflected here. Further increment of drying tem¬ 
perature resulted in loss of extracts due to overheating which 
potentially lead to surface destruction. Besides providing a higher 
extraction yield than SE, RE also registered a lower extraction loss 
at higher drying temperatures. This again proven that RE process 


had a higher tolerance and less sensitivity towards high tempera¬ 
ture pre-treatment processes. This is vital in order for the extrac¬ 
tion process to take advantage of the benefit of heat treatment at 
higher drying temperature. Meanwhile, sieved ground Jatropha 
seeds were found to have lower extraction yield than their un- 
sieved counterparts especially at higher drying temperatures. This 
might be due to the fact that sieving of de-shelled ground seeds 
had a higher probability of removing certain extract-rich portions 
from the core of the seeds. Nevertheless, sieved ground seeds 
had a more stable extraction yield due to more uniformity in the 
particle size. 

Fig. 9 shows the FAME yield for un-sieved and sieved ground 
Jatropha seeds for SE and RE at 12 h drying duration. Effect of 
increasing drying temperature on FAME yield for SE process 
seemed to be negligible for sieved ground seeds. For un-sieved 
ground seeds, FAME yield exhibited an optimum at 60 °C and 
was higher than sieved ground seeds which had been explained 
previously. Even though extraction yield for un-sieved ground 
seeds undergoing SE process varied greatly, FAME yield did not fol¬ 
low similar trend possibly due to maximum extractable amount of 
fatty acids had been reached. On the other hand for RE process, 
both un-sieved and sieved ground seeds contained an optimum 
FAME yield at 75 °C. This was similar to the optimum point for 
the extraction efficiency shown in Fig. 8. After the optimum point, 
FAME yield dropped drastically with increasing drying tempera¬ 
ture at higher decrement compare to those shown in Fig. 6. This 
was understandable since decorticated ground seeds will have a 
larger exposure to the heat treatment condition due to their higher 
surface area per volume. Thus, destruction of biomass surface 
might be more rampant and more obstructive to the fatty acids 
extraction. 


3.5. Optimization of solid pretreatment conditions 

Table 1 shows the solid pretreatment prerequisites while Table 
2 listed the maximum responses for extraction and FAME yields for 
both SE and RE processes matching the conditions in Table 1. Dry¬ 
ing temperatures of 45 °C and 60 °C were categorized as low tem¬ 
perature while 75 °C, 90 °C and 105 °C were grouped as high drying 
temperature. All of the responses in Table 2 were obtained from 
drying duration of 12 h unless being specified otherwise. Almost 
all of the responses from supercritical reactive extraction were 
higher than their corresponding conventional two-step extraction 
and transesterification process with increment up to 22.1% for 
extraction yield and 56.0% for FAME yield (Code 4). For grounded 
seeds with shell, the highest extraction and FAME yield were 
64.03% w/w and 108.51% w/w respectively (Code 3). Decorticated 
ground seeds can hardly provide any improvement in terms of 
extraction yield (roughly 7.0%). However, FAME yield was in¬ 
creased by 18.7% due to the removal of shell. This proved that 
the absence of hard cover shell can promote extraction of fatty 
acids (triglycerides and free fatty acids) and would be important 
for biodiesel production to increase FAME yield. Virgin ground 
Jatropha seeds were found to have the lowest extraction yield 


Table 1 

Codes for various solid pretreatment conditions. 

Solid pretreatment (grounded) 

With shell De-shelled 

Dry Undry Dry Undry 

Low temp High temp Low temp High temp 

Sieved Un-sieved Sieved Un-sieved Sieved Un-sieved Sieved Un-sieved Sieved Un-sieved Sieved Un-sieved 

1 2 3 4 5 6 7 8 9 10 11 12 
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Tab,e 2 

Code Extraction yield (% w/w) FAME yield (% w/w) 

RE SE RE SE 


process intensification of biodiesel production from oil-seeds bio¬ 
mass such as ]. curcas L. in the future. 

Acknowledgments 


1 58.23 52.53 

2 43.15 46.53 

3 64.03“ 53.46 

4 51.37 42.07 

5 54.31 48.58 

6 38.63 35.71 

7 63.68 63.50 

8 66.61 61.35 

9 64.49 64.83 

10 68.50 66.82 

11 62.44 60.83 

12 57.69 53.39 


“ Drying duration of 24 h. 


103.71 82.94 

80.65“ 60.98 

108.51 88.75 

100.37 64.33 

83.69 80.50 

70.91 59.66 

119.88 106.46 

109.42 114.87 

123.36 107.71 

128.78 106.38 

114.57 103.47 

102.54 102.72 


and FAME yield which emphasized the need to undergo solid pre¬ 
treatment processes. Sieving them to smaller particle size fraction 
«1.0 mm) proved to be more effective than subjecting them for 
heat treatment as the increment of extraction and FAME yield were 
slightly larger. Higher heat treatment temperature was beneficial 
compare to lower heat treatment temperature provided that the 
optimum temperature for the seeds was not breached which might 
lead to over-heating. Lastly, RE process was extremely helpful to 
close the gap between the optimum yields of different solid pre¬ 
treatment processes as demonstrated in this study. For example, 
SE FAME yield for grounded seeds drying at low temperature and 
un-sieved exhibited only 60.98% w/w compare to drying at high 
temperature and sieved at 88.75% w/w. When subjected to super¬ 
critical reactive extraction, FAME yield was increased to 80.65% w/ 
w without the need for additional solid pretreatments such as dry¬ 
ing at high temperature or sieving. Thus, this had a high potential 
to save additional cost and energy requirements especially for pro¬ 
cess intensification of biodiesel production. 


4. Conclusion 

In this study, several conclusions can be drawn from the results 
and observations discussed above. Firstly, moisture content play a 
significant role in the oil extraction of grounded Jatropha seeds 
only at lower drying temperature. Even though more moisture 
were being removed at higher drying temperature, extraction 
and FAME yield still registered drastic drop due to the possibility 
of biomass surface changes from the high temperature heat treat¬ 
ment. Secondly, extraction yield and FAME yield were not directly 
proportional in some cases especially at high drying temperatures. 
Extraction yield could increase due to higher amount of lipids 
being extracted out but the total amount of fatty acids might re¬ 
main the same and vice versa. Lastly, although solid pretreatments 
for biomass such as grounded Jatropha seeds are important espe¬ 
cially in optimization of extraction and FAME yield, they are invari¬ 
ably time-consuming and incur additional costs both in terms of 
capital and operational. As had been shown in the experimental 
study in this work, supercritical methanol extraction and transe¬ 
sterification has the ability to reduce the decrement of extraction 
and FAME yield due to the skipping of several key pretreatment 
processes such as drying and sieving. This will surely add a new 
dimension for both operational and economic considerations to 
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